The antioxidant activity of the polysaccharide from Ramulus mori and its derivatives (sulfated, phosphorylated, acetylated and benzoylated polysaccharides) were determined, including scavenging activity against superoxide, hydroxyl and 1,1-diphenyl-2-picrylhydrazyl radicals, reducing power and chelating ability. Obvious differences in antioxidant activity between the natural polysaccharide and its derivatives were observed, the antioxidant activity of the sulfated, phosphorylated and acetylated derivatives was stronger than that of the natural polysaccharide. In addition, the effect of temperature (20, 40, 60, 80 and 90 °C) and pH (3, 5, 7, 9 and 11) on the antioxidant activity of the natural polysaccharide and its derivatives was also investigated. The antioxidant activity of all samples in the linoleate emulsion improved with increasing from pH 3 to 11, while it decreased with ascending storage temperature from 20 to 90 °C.
Introduction
Reactive oxygen species (ROS) produced by sunlight, ultraviolet light, ionizing radiation, chemical reactions and metabolic processes have a wide variety of pathological effects, such as causing DNA damage, carcinogenesis and cellular degeneration related to aging (Blander et al., 2003) . In order to reduce damage of free radicals, synthetic antioxidants such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propylgallate (PG), and tert-butylhydroquinone (TBHQ) are used. However, BHA and BHT have been suspected of being responsible for liver damage and carcinogenesis (Grice, 1988) . Thus, it is essential to develop and utilize effective and natural antioxidants so that they can protect the human body from free radicals and retard the progress of many chronic diseases (Nandita and Rajini, 2004) .
Polysaccharides are common structural and storage polymers in living organisms, representing more than 75 % of the dry mass of plants. Polysaccharides are potentially useful, biologically active ingredients for pharmaceutical uses due to a variety of biological activities, such as immunological, anti-radiation, anti-blood coagulation, anti-cancer, anti-HIV and hypoglycemic activities (Yang et al., 2005; Yoon et al., 2003; Lee et al., 2002) . The activity of polysaccharides is close related to their structure such as molecular mass, degree of substitution, degree of branching, sugar component and the structures of main chain and branches (Bohn and BeMiller, 1995) . Thus, chemical modifications of polysaccharides provided an opportunity to obtain new agents with possible therapeutic uses (Franz and Alban, 1995) .
Ramulus mori is the branch of Morus alba L., family Moraceae, according to the theories of traditional Chinese medicine, it is slightly bitter in taste, mild in nature, and attributive to the liver meridian. In traditional Chinese medicine, its pharmacological actions are to expel wind, dredge the meridians, and ease joint pain. The preliminary research showed that the polysaccharide from Ramulus mori was a water-insoluble (1-3)-α-D-polysaccharide, mainly composed of rhamnose, arabinose, galactose, glucose and xylose in a molar ratio of composition of 9.1:24.1: 44.1:12.2:7.2. In the present study, different polysaccharide derivatives were prepared and their antioxidant activities in vitro were investigated, including scavenging ability of superoxide (O 2 -. ), 1,1-diphenyl-2-picrylhydrazyl radicals (DPPH) and hydroxyl radicals (HO˙), chelating ability of iron ion and reducing power. It was interesting to evaluate the effects of temperature and pH on the antioxidant activity of polysaccharide and Sci. Technol. Res., 14 (2), 160 -168, 2008 its derivatives, which has not been investigated previously.
Materials and methods
Materials Nitro blue tetrazolium (NBT), DPPH, phenazine methosulfate (PMS), reduced nicotinamide adenine dinucleotide (NADH) and deoxyribose were purchased from Sigma (St. Louis, MO, USA). All other reagents were of analytical grade. The polysaccharide named as PM extracted from the Ramulus mori was used. The polysaccharide was, respectively, sulfated, phosphorylated, acetylated and benzoylated to obtain four water-soluble derivatives coded as sample SPM, PPM, APM, and BPM respectively here.
Synthesis of the APM and BPM APM was prepared by the method of Tosh et al. (2000) with minor modification. Briefly, a mixture of PM (2 g) and N, N-dimethylacetamide (DMAc, 80 mL) was heated at 150 °C for 30 min. Then, lithium chloride (LiCl, 1.5 g) was added and the mixture was heated at 170 °C for 10 min. And then the reaction mixture was cooled to room temperature and stirred overnight for dissolution. The polysaccharide solution prepared above was diluted to 1 % by further addition of DMAc solvent. To 100 mL of 1 % polysaccharide solution, 7.0 g of p-toluenesulfonyl chloride (p-TsCl) was added, followed by dropwise addition of 30 mL of acetic anhydride (Ac 2 O). After reaction for 10 h at 60 °C, the mixture was terminated by pouring 50 mL of distilled water, cooled to room temperature, and precipitated with 80 % ethanol for 24 h. The precipitate was filtered off and washed three times with ethanol, and then dissolved in 100 mL distilled water. The solution was dialyzed against tap water for 48 h and distilled water for 48 h using 3600 Da Mw cutoff dialysis membranes. The product was then concentrated and lyophilized to give acetylated polysaccharide (yield, 67.2 %). The benzoylated polysaccharide was prepared according to a similar procedure, except that Ac 2 O was replaced with phthalic acid anhydride (yield, 54.6 %).
Synthesis of the PPM The synthesis of the phosphorylated polysaccharide was according to the method of Xie et al. (2006) . A typical procedure is as follows: appropriate amount of NaH 2 PO 4 ·2H 2 O and Na 2 HPO 4 ·12H 2 O with 2 g urea were put into a beaker and were dissolved in 60 mL distilled water. pH of the final solution was adjusted to 2 by HCl. PM (1 g) was then added into the solution under magnetic stirring and the reaction was lasted for 5 min followed by transferring the reaction system into an oven to age at 60 °C for 2 h. Afterwards, the product was dissolved in distilled water and precipitated in excess of acetone. The obtained polymer was filtered and washed several times with acetone. The final product was then concentrated and lyophilized to give the PPM. Synthesis of the SPM SPM was prepared according to the method of Yuan et al. (2005) . The sulfation agent, SO 3 -DMF, was obtained by dropping 50 mL of chlorosulfonic acid (HClSO 3 ) into 300 mL of N, N-dimethylformamide (DMF) under cooling in an ice-water bath. PM (2 g) was added to 80 mL of formamide (FA), and the mixture was stirred at 60 °C for 30 min in order to disperse it into solvent. Then SO3-DMF reagent (15 mL) was added. After 4 h, the mixture was cooled to room temperature by an ice bath, neutralized with 2 M NaOH solution, and precipitated with 80 % ethanol for 24 h. The precipitate was filtered off and washed three times with ethanol and then was dissolved in 100 mL distilled water. The solution was dialyzed against tap water for 48 h and distilled water for 48 h using 3600 Da Mw cutoff dialysis membranes. The resultant was concentrated and lyophilized to give sulfated polysaccharide.
Infrared spectra were recorded from polysaccharide powers in KBr pellet on a Nicolet-360 FTIR spectrometer. The symbols and IR spectrum data of natural polysaccharide and its derivatives are shown in The absorption of 1748 cm -1 is due to the C=O vibrations.
Two stretching peaks at 1558 cm -1 and 1447 cm -1 suggest the presence of C=C bonds and the absorption of 1270 cm -1 and 1523 cm -1 indicating the presence of S=O bonds. The sulfate content was determined according to the method of Garrido (1962) . The degree of acetylation was determined from the method of Grǒndahl et al. (2003) and the total phosphate was determined by the method of Lower et al. (1954) . We got the results that the contents of sulfate and phosphate were 8.9 % and 2.7 % respectively, and the degree of acetylation was 2.0. The above results were shown that the sulfated, phosphorylated, acetylated and benzoylated polysaccharides were obtained.
Measurement of O 2 -. scavenging activity
The O 2 -. scavenging ability of natural polysaccharide and its derivatives was assessed by the method of Robak and Gryglewski (1988) . The reaction mixture containing samples (0.02-0.20 mg/mL), Tris-HCl (16 mM, pH 8.0), NADH (338 μM), NBT (72 μM), and PMS (30 μM), was incubated at room temperature for 5 min and the absorbance was read at 560 nm against a blank. The capability of scavenging O 2 -. was calculated using the following equation:
Scavenging effect (%) = (1-A sample 560 nm /A control 560 nm ) ×100 (1) where A control 560 nm is the absorbance of the control (Tris-HCl buffer, instead of sample) at 560 nm. BHA was used as positive control. Measurement of HO˙ scavenging activity HO˙ scavenging activity was measured according to the method of Pick and Mizel (1981) . Briefly, the reaction mixture, total volume 4.5 mL, containing the samples (0.20-2.0 mg/mL), EDTAFe 2+ (220 μM), safranine O (0.23 μM), and H 2 O 2 (60 μM) in potassium phosphate buffer (150 mM, pH7.4), was incubated for 30 min at 37 °C and the absorbance was read at 520 nm against a blank. HO˙ bleached the safranine O, so decreased absorbance of the reaction mixture indicated a decrease in HO˙ scavenging ability. The capability of scavenging HO˙ was calculated using the following equation:
Scavenging effect (%) = [(A sample 520 nm -A blank 520 nm ) / ( A control 520 nm -A blank 520 nm )] ×100 (2) where A blank 520 nm is the absorbance of the blank (distilled water, instead of the samples) at 520 nm and A control 520 nm is the absorbance of the control (phosphate buffer, instead of H 2 O 2 ) at 520 nm. BHA was used as positive control.
Measurement of DPPH scavenging activity
The DPPH scavenging activity of polysaccharide and its derivatives was measured by the method of Shimada et al. (1992) . Briefly, 400 μM DPPH solution in methanol was prepared and 3.0 mL of this solution was added to 1.0 mL test samples at different concentrations (0.05-0.35 mg/mL). After a 90 min incubation period at ambient temperature, the absorbance at 517 nm was measured. The inhibitory percentage of DPPH was calculated according to the following equation:
Scavenging effect (%) =
(1-A sample 517 nm /A control 517 nm ) ×100
where A control 517 nm is the absorbance of the control (distilled water, instead of the samples) at 517 nm. BHA was used as positive control.
Measurement of the reducing power
The reducing power of polysaccharide and its derivatives was quantified by the method described earlier (Yen and Chen, 1995) . Briefly, 1 mL of reaction mixture containing different concentration (0.2-1.2 mg/mL) of polysaccharide and its derivatives in phosphate buffer (0.2 M, pH 6.6) was incubated with potassium ferricyanide (1 %, w/v) at 50 °C for 20 min. The reaction was terminated by TCA solution (10 %, w/v) and the mixture was centrifuged at 3000 rpm for 10 min. The supernatant was mixed with distilled water and ferric chloride (0.1 %, w/v) and the absorbance was measured at 700 nm. Increased absorbance of the reaction mixture indicated increased reducing power. BHA was used as positive control.
Measurement of the chelating ability The ferrous ion chelating ability of polysaccharide and its derivatives was investigated as previously reported (Decker and Welch, 1990) . Briefly, the reaction mixture containing sample (0.35-2.05 mg/mL), FeCl2 (0.1 mL, 2 mM) and ferrozine (0.4 mL, 5 mM) was shaken well, and incubated for 10 min at room temperature. The absorbance of the mixture was measure at 562 nm against a blank. The ability of all samples to chelate ferrous ion was calculated using the following equation:
Chelating ability (%) = (A control 562 nm -A sample 562 nm )/A control 562 nm × 100 (4) where A control 562 nm is the absorbance of the control (distilled water, instead of sample) at 562 nm. EDTA was used as positive control.
Effects of the temperature and pH on antioxidant activity Antioxidant activities were determined using a diene conjugation formation method (Lingnert et al., 1979) . Linoleic acid (10 mM) emulsified with an equal amount of Tween 20 in buffer of different pH, the mixture was then homogenized at high speed for 1 min. The samples (3 mg/mL) were mixed with 5 mL emulsion and incubated at different temperature for 20 h. Absorbance was then measured at 234 nm. The effects of pH and temperature on the antioxidant activities of the polysaccharide and its derivatives were also determined. Phosphate-HCl buffer was used for pH 3 and 5, and phos-phate-NaOH buffer was used at pH 7, 9 and 11. The range of temperature used was 30 to 90 °C. All experiments were carried out in triplicate.
Statistical analysis The data presented are means ± SD of three determinations and followed by Student's t-test. Differences were considered to be statistically significant if p<0.05.
Results and Discussion
Scavenging of O 2 -.
O 2 -. was generated in a PMS/NADH system for being assayed in the reduction of NBT. As shown in Fig. 1 Although O 2 -. was a relatively weak oxidant, it decomposed to form stronger reactive oxidative species, such as singlet oxygen and HO˙, which initiate peroxidation of lipids, further, O2-. was also known to indirectly initiate lipid peroxidation as a result of H 2 O 2 formation, creating precursors of HO˙ (Meyer and Isaksen, 1995) . Therefore, it is very important to study the scavenging of O 2 -. . The above result clearly suggested that the polysaccharide derivatives had better abilities to scavenge O 2 -. than PM.
Scavenging of HO˙ The HO˙, generated by Fenton reaction in the system, was scavenged by polysaccharide from Ramulus mori and its derivatives. The HO˙ scavenging effects of all samples are shown in Fig. 2 . Among the five samples, SPM showed the strongest scavenging activity. At the concentration of 0.2-2.2 mg/mL, the scavenging effect was 5.3-27.0 % for PM, 18.5-69.7 % for SPM, 6.4-53.5 % for PPM, 9.7-39.6 % for BPM, 16.5-44.6 % for APM and 12.5-51.2 % for BHA. The IC 50 values for SPM and PPM were 1.8 and 2.2 mg/mL, respectively. However, the HO˙ scavenging efficiency of PM, BPM, and APM was very low. The above results indicate that the polysaccharide derivatives have significant scavenging ability on HO˙.
H 2 O 2 can be generated in biological and food systems. Being a non-radical oxygen-containing reactive agent, it can form HO˙, the most highly reactive oxygen radical known, in the presence of transition metal ions and participate in freeradical reaction (Halliwell et al., 1995) . High level of H 2 O 2 can attack several cellular energy-producing systems, for example it inactivates the glycolytic enzyme glyceraldehydes-3-phosphate dehydrogenase (Hyslop et al., 1988) .
Scavenging of DPPH DPPH has a hydrogen free radical and shows a characteristic absorption at 517 nm (BrandWilliams et al., 1992) . After encountering the proton-radical scavengers, the purple color of the DPPH solution fades rapidly (Yamaguchi et al., 1988) . In this study, DPPH was used to determine the proton scavenging activity of PM and its derivatives. The dose-response curve for the PM and its derivatives are shown in Fig. 3 . The concentration was found to affect the DPPH-scavenging activity. The SPM exhibited the highest radical-scavenging activity, followed by PPM, APM, BPM and PM. It was interesting to note that, in general, the DPPH-scavenging effect increased as the concentration of the polysaccharide derivatives increased to 0.30 mg/mL, and then leveled off even with further increase in the concentration. The IC 50 of SPM, PPM, APM, BPM and BHA were 0.14, 0.18, 0.20, 0.29, 0.15 mg/mL, respectively. The effect of antioxidants on DPPH scavenging was thought to be due to their hydrogen-donating abilities. DPPH is a stable free radical and accepts an electron or hydrogen radical to become a stable diamagnetic molecule (Soares et al., 1997) . In the present study, some polysaccharide derivatives showed excellent scavenging activity on DPPH, which may be attributable to its strong hydrogen-donating ability. The reducing power In the reducing power assay, the yellow color of test solution changes into various shades of green and blue colors depending on the reducing power of antioxidant samples. Earlier authors have observed a direct correlation between antioxidant activities and reducing power (Pin-Der-Duh et al., 1999) . The reducing capacity of a compound may serve as a significant indicator of its potential antioxidant activity. Fig. 4 depicts the reducing power of polysaccharide and its derivatives. The concentration was found to affect the reducing power. The reducing power of the polysaccharide derivatives was more pronounced than that of PM (p<0.05). The orders of reducing power were SPM>PPM>APM>BPM>PM, which have a similar order of the above radical scavenging activities. The reducing power of the polysaccharide derivatives was comparable to BHA. Our data on the reducing power of the all samples suggested that it was likely to contribute toward the observed antioxidant effect.
Iron chelation ability Iron-chelation may render important antioxidative effects by retarding metal-catalyzed oxidation (Kehrer, 2000) . The effective iron(II) chelators may also afford protection against oxidative damage by removing iron(II) that may otherwise participate in HO˙-generating Fenton type reactions. Minimizing iron(II) may afford protection against oxidative damage by inhibiting production of ROS and lipid peroxidation. The iron(II)-chelating capacity of PM and its derivatives was determined by measuring the iron-ferrozine complex and the results are shown in Fig. 5 . The chelating activities of SPM, APM and PPM were concentration related and that of PM and BPM was not concentration dependent. At the concentration of 0.35-2.10 mg/mL, the chelating ability was 27.0-74.5 % for SPM, 19.2-58.7 % for PPM, 29.0-67.2 % for APM. However, the chelating ability of PM and BPM was weaker when compared with EDTA. Factors affecting the ion-chelating ability of polysaccharides and its derivatives are rather complex. Qin (1993) indicated that the ion-chelating ability of chitosan is strongly affected by the degree of acetylation, with the fully acetylated chitosan showing very little chelating activity. Kurita et al. (1979) reported that although the metal ion absorption capability of chitin is closely related to its amino acid content, other factors such as affinity for water and crystallinity also affected the ion-chelating activity. It was reported that the compounds with structures containing two of more the following functional groups: -OH, -SH, -COOH, -PO 3 H 2 , C=O, and -S-in a favorable structure-function configuration can show metal chelating activity (Yuan et al., 2005) . Some workers report that the scavenging activity of HO˙ was not due to direct scavenging but inhibition of HO˙ generation by chelating ions such as Fe 2+ and Cu 2+ (Shon et al., 2003) . Smith et al. (1992) reported that molecules that can inhibit deoxyribose degradation are those that can chelate iron ions and render them inactive or poorly active in a Fenton reaction. The above results proved that the polysaccharide derivatives could enhance the chelating activity.
The effect of temperature and pH on the antioxidant activity It is well known that many factors such as antioxidant concentration, temperature and pH of the media, processing treatment and storage strongly influence the antioxidant activity (Gazzani et al., 1998) . The antioxidant activity of PM and its derivatives in linoleate system incubated at 20, 40, 60, 80 and 90 °C is shown in Fig. 6 . Oxidation of linoleic acid was accelerated with increase in incubation temperature from 20 to 90 °C. PPM showed a higher thermal stability with lower linoleic oxidation values compared to the other samples. Conversely, PM appeared to have significantly (p<0.05) higher values with a lower antioxidant activity compared to its derivatives. It could be noticed that SPM, PPM and APM are good emulsion stabilizers, besides its higher activity against oil autoxidation in food emulsions. However, the mechanism of the effect of temperature on anitioxidant activity needs to be further investigated.
The effect of pH on the antioxidant to the tested samples can be seen in Fig. 7 . The antioxidant activity values decreased with increasing pH values from 3 to 11, indicating strong dependence on the pH of the system. This was similar to the study of Yasser et al. (2007) , who reported that the tested polysaccharides showed high antioxidant activity with increasing pH values in the linoleic acid system. At acidic circumstance (pH 3 and 5), the tested examples showed lower antioxidant activity, but when the pH value increased, the antioxidant activity increased significantly. It could be suggested that the polysaccharide derivatives can delay the oxidation in oil in alkaline circumstance powerfully. The weak antioxidant activity of the tested samples at low pH values may be due to their insoluble form according to the reported data of Tolstoguzov (1986) , who had shown that at low pH values the polysaccharide carries net opposite charges, at this pH region, polysaccharides were in insoluble form.
Previously, Yuan et al. (2005) reported that oversulfated and acetylated k-carrageenan oligosaccharides showed higher scavenger on O 2 -. than k-carrageenan oligosaccharides. Qi et al. (2005) found that sulfated acetylated and benzoylated ulvan exhibited stronger antioxidant activity than natural ulvan. Tsipali et al. (2001) observed that phosphorylated and sulfated glucans exhibited antioxidant ability than the glucans and other neutral polysaccharides. The above results proved that chemical structure modification of polysaccharide could enhance their antioxidant activity. Polysaccharides with the antioxidant activities have the same structural feature that they have one of more alcohol or phenolic hydroxyl groups. However, when the -OH is substituted by other groups, so the antioxidant activity has obvious differences. There are some possible reasons for the above results: (i) water solubility of the samples is an important factor in the enhancement of theirs activity. It has been reported that partial modification and mild hydrolysis of the β-D-glucan can increases the water solubility (Zhang et al., 1998) . (ii) chelating ability to ferrous ions is also an important factor, the antioxidant activity may ligate to the metal ions which react with H 2 O 2 to give the metal complexes. The metal complexes thus formed cannot further react with H 2 O 2 to give HO˙ (Ueda et al., 1996) . (iii) polarity may also be involved in their antioxidant activity (Yanagimoto et al., 2002) . But further investigation is necessary to clarify this point. (iv) antioxidant activity of the samples may be correlative with their hydrogen atom-donating capacity. The polysaccharide derivatives, which might substitute in C-2 and/or C-3, could activate the hydrogen atom of the anomeric carbon. The higher activated capacity of the group, the stronger hydrogen atom-donating capacity the derivatives have. (v) intramolecular hydrogen bonds in the polysaccharides and its derivatives affect the antioxidant activity. Xing et al. (2005) reported that high molecular mass chitosan had compact structures and the effect of their intramolecular hydrogen bonds cause activities of hydroxyl and amino groups to become soft, on the contrary, low molecular mass chitosan own incompact structure. So it was weakly affected by the intramolecular hydrogen bonds. The preparation of the polysaccharide derivatives can cause degradation of the native polysaccharide because of the vigorous reaction conditions, thus the effect of the hydrogen bonds was decreased. Hence, the polysaccharides derivatives exhibited more pronounced antioxidant activity than nature polysaccharide.
Conclusions
The antioxidant activity of the polysaccharide and its derivatives in vitro was determined, including scavenging activity against DPPH, O 2 -. and HO˙, reducing power, and chelating ability. Among the five samples, SPM, PPM, APM and BPM showed stronger antioxidant activity than PM.
The antioxidant activities of the tested samples varied with pH and temperature. The antioxidant activity in the linoleate emulsion improved with increasing pH from 3 to 11, while it decreased with ascending storage temperature between 20 and 90 °C. Therefore, it is important to consider the optimum technological conditions and processing factors influencing activity along with bioavailability of antioxidants for utilization in food and biological system. Gazzani, G., Papetti, A., Massolini, G. and Daglia, M. (1998) . Antioxidative and pro-oxidant activity of water soluble components of some common diet vegetables and the effect of thermal treat- 
